It was investigated the possibility of creating NbN superconducting single-photon detectors with saturated dependence of quantum efficiency versus normalized bias current. It was shown that the saturation increases for the detectors based on finer films with a lower value of R s300 /R s20 . The decreasing of R s300 /R s20 related to increasing influence of quantum corrections to conductivity of superconductors and, in its turn, to decreasing electron diffusion coefficient. The best samples has constant value of system quantum efficiency 94% at I b /I c~0 .8 and wavelength 1310 nm.
Introduction
Over recent years, superconducting single-photon detectors (SSPD) have demonstrated continuous improvement of the key characteristics such as quantum efficiency [1] [2] [3] [4] [5] , dark counts rate [6] [7] [8] , jitter [9, 10] , dead time [11] [12] [13] and noiseequivalent power [14] . Also SSPD has found numerous applications in various fields [15] [16] [17] [18] . In order to increase absolute value of quantum efficiency (QE), to develop SSPD in the long wave infrared spectral region and to get quantum efficiency undependable on bias current, attempts were made to create SSPD with ultra-narrow superconducting strips of width 20-50 nm [19] [20] [21] . This approach revealed a number of drawbacks related mostly to increased technology requirements for producing such structures. Thus, it should significantly decrease the yield of fabricated SSPDs which demonstrate high quantum efficiency. Moreover, the critical current density of the superconducting structure usually drops at least proportionally with decreasing superconducting strip width leading to a significant reduction in the signal-to-noise ratio and increasing SSPD jitter value. Furthermore, the fabrication of detectors with narrow superconducting strips also requires increasing the superconducting strip length in order to keep fill-factor constant which leads to increasing its kinetic inductance and decreasing maximum count rate.
Another development direction of SSPD is the fabrication of single-photon detectors using material with a low-energy gap or a lower superconducting transition temperature T C which allows to reach a high quantum efficiency with saturated dependence of QE (I b ) , where I b is the detector bias current. For example, several materials such as WSi and MoSi [2, 14, 22, 23] were applied for SSPD fabrication. The authors [2, 23] explain that the SSPD can reach high (93 %) system quantum efficiency by using WSi due to its particular characteristics.
However, WSi-based detectors have a number of disadvantages. The time resolution is usually higher than 50 ps [23] which is probably due to low WSi critical temperature T C and low critical current I c [2] . Moreover, in order to reach a high system quantum efficiency for receiving system based on WSi detectors, the operating temperature should be below 1 K making this system complex and expensive.
In recent studies NbTiN was also proposed as an alternative polycrystalline material for SSPD characterized by a higher critical temperature and critical current density [24] . Based on recent results we believe that NbN and NbTiN possess similar properties related to the SSPD fabrication and chose NbN because of its deeply characterized properties. As it was shown before, NbN devices shows all desired characteristics when high optical absorption is provided. In case of waveguide SSPD on-chip detection efficiency of the device could be as high as 91%, timing resolution could be as low as 18 ps, alongside with high detection rates and ultralow dark counts [25] . Although, coupling the source of radiation to such device usually leads to dramatic drop of system quantum efficiency and dark count rate growth.
The most promising and competitive fabrication technology of SSPD with high system quantum efficiency and tendency toward its saturation is the thickness reduction of an initial NbN superconducting film or fabrication of NbN thin film with a more disordered structure. In the article [26] authors made SSPDs only from 3.5 and 10 nm thick NbN films. Devices which were made from the thinner NbN films had higher intrinsic quantum efficiency. Also, [27] investigated SSPD detection efficiency for two different thicknesses NbN films. The main purpose of the current work is the investigation of NbN thin films over a wide range of thicknesses for fabrication of SSPD which have the dependence of QE(I b ) with tendency toward its saturation in the range of bias currents close to critical current I c . By measuring R(T) for films with different thicknesses, we found that the residual-resistance ratios (RRR) changes significantly with the film thickness, and attempted to explain that this behaviour of the parameter RRR is due to the influence of quantum corrections to the conductivity. Next, we assume that the tendency toward to saturation of QE(I b ) dependence with decreasing film thickness is not only due to decreasing cross sectional area of NbN strip, but also due to changed parameters of the film, which are confirmed by measurements of diffusion coefficients in films with the different thickness. In the conclusion we used multilayer antireflection coating for detectors which have pronounced saturated QE(Ib) dependencies to achieve the highest possible system quantum efficiency (SQE). Similar studies of R(T) dependences for NbN films were previously performed in [25] . However the authors investigated the properties of epitaxial NbN films grown on MgO substrate and did not investigate its applicability for the manufacture of SSPD. Another significant difference between these films and our investigated films is that the authors [25] observed a positive temperature coefficient of resistance down to 3 nm film thickness. As well as increasing the plateau region we also attempted to reach the ultimate level of system quantum efficiency for our SSPD devices.
Results and Discussions
SSPD fabrication. The NbN films were deposited on a Si substrate with an additional Au/Si 3 N 4 bilayer by reactive magnetron sputtering in the Ar and N 2 gas mixture. The main parameters of the obtained films are shown in Table 1 . The measured and controlled parameters for solid films are superconducting transition temperature (in the range of 3.55-9.3 K, the thinnest film did not exhibit superconductive transition down to the temperature of 1.6 K), surface resistance (in the range of 450-4410 Ω/sq), film thickness (in the range of 2-9 nm). The thickness of the films was calculated by determined deposition rate of thick (~100 nm) NbN films measured using an atomic force microscope and investigated using x-ray photoelectron microscopy (XPS). The latter showed that deposited NbN films have several interlayers with different compositions and the increased total films thickness up to few nanometers compared to those are usually reported in the literature [28] . This result will be observed more closely in our future work. In view of obtained data we consider the values of R s300 /R s20 (RRR) and Тс more significant than the thicknesses of the films by reason of more precise measurement techniques. The changes in the critical superconducting transition temperature and the film surface resistances were achieved by varying the film thickness. Ar and N 2 concentrations were kept constant for all films with different thicknesses, except of the small deviation for 8 nmthick film, which led to a small increasing of R 300 with relatively to expected value. However, it did not influence general trend of RRR and T C shift.
We fabricated meander-shaped detectors [29] covering an area of 15x15 μm 2 based on films with the superconducting transition temperature of 8.1-9.3 K. The width of the superconducting strip is ~100 nm and the fill-factor is ~0.5. The deposition of an additional Au/Si 3 N 4 layers on the Si substrate serve as an optical resonant structure which increases the absorption coefficient of SSPD active area up to 40-50%. Moreover, we deposited an antireflection coating (ARC) on top of several detectors that allowed us to increase the absorption coefficient up to ~98%. There were several articles, where authors consider ARC for SSPDs [2, 30] . We have been modeling a lot of different compositions of materials for ARC, such as MgO, MgF2, SiO2, Si, Ta2O5, TiO, Al2O3, ZnS and etc. As an ARC we used Al 2 O 3 /Si/Al 2 O 3 three-layered structure. The best absorption coefficient for λ = 1310 nm has been obtained for the structure Siwafer/Au/Si3N4/NbN/Al 2 O 3 /Si/Al 2 O 3. All layers mentioned above (Si 3 N 4 , Al2O3, Si and Au) were fabricated by the electron-beam evaporation method. The ARC was applied through a mask made of metal foil with holes of 0.5 mm diameter which was centered over the sensitive element of the detector.
Measurements methods. In order to measure the temperature dependences of resistance of superconducting film and detectors, we used the cryogenic insert equipped with two temperature sensors and the heater. The first thermometer was calibrated silicon diode DT-670B-CU (LakeShore). The second thermometer was the carbon composite resistor Allen Bradly. The carbon resistor was used to measure the temperature in the magnetic field and calibrated by using the silicon diode mounted into the cryogenic insert.
The resistance heater allows fine adjustment of the temperature. In order to measure the temperature dependence of the film surface resistance in the wide range of temperatures, we mounted the cryogenic insert in our standard doublewalled vacuum-insulated dipstick [31] with the minimum temperature of 1.6 K. During measurement the temperature dependences of resistance in a magnetic field, the cryogenic insert in simple single-wall dipstick was placed into a superconducting solenoid with the maximum magnetic induction of 1.58 T at the constant current 44.6 A. To ensure that there was no possible difference between the temperature of the investigated sample and the thermometer, the measurements were carried out at decreasing and increasing temperatures. The agreement of the obtained results proves the validity of the temperature measurements.
In order to measure the quantum efficiency, the detectors were installed in a special holder. The installation technique of the detector and its coupling with a single-mode optical fiber were described earlier [12] . The calculated optical coupling between the detector active area and the radiation propagating in the fiber core is more than 99 % at wavelength 1310 nm taking into account the data for the mode field diameter, the Gaussian distribution in single-mode fiber, and possible misalignment of 1 µm. The detectors in the holders were mounted in a custom made cryostat based on a closed cycle refrigerator (SUMITOMO, RDK-101D) which provides an operation temperature of less than 2.3K. The electrical output signal and the detector bias current were transferred through CuNi coaxial cables and hermetically sealed SMA connectors. The input optical signal was send through a single-mode fiber SMF28e and a custom made hermetically sealed input connector which provides insertion losses of less than 0.1 dB.
To determine the quantum efficiency, we used a standard technique for measuring the input in-fiber radiation power at a particular wavelength and the number of voltage pulses appearing on the detector during absorption of this radiation. Thus, the measurements results of the quantum efficiency showed below represent the measurement of the system quantum efficiency (SQE) which includes both the optical coupling losses between the detector and the single-mode fiber and the insertion losses in the hermetically sealed fiber feedthrough. The measurement setup includes the following equipment: the laser diode used as a source of radiation (Dual Laser Source FHS1D02, radiation wavelength λ = 1310 nm), the calibrated power meter Ophir PD300-IRG-V1, the calibrated fiber optic attenuator EXPO FVA-600, the fiber polarization controller, the detector bias source integrated with the voltage amplifier system (standard SCON-TEL's Control Unit), the pulse counter Agilent 53131A and the oscilloscope Tektronix DPO 71604. The overall relative error in the system quantum efficiency measurements is determined by the accuracy of the power measurements and is 3 %. The electron diffusion coefficient was determined directly in SSPD detectors using a standard method for the measurement of the dependence of superconducting transition temperature versus magnetic field [32, 33] as follows:
where k B is the Boltzmann constant, e is the charge of electron, and dB/dT C is the derivative of the magnetic field with respect to superconducting transition temperature.
Study of the R s (T) dependences for NbN films.
One of the main purposes of the current work is the investigation of NbN thin films with different thicknesses and RRRs for fabrication of SSPD detectors which have saturated quantum efficiency in the range of bias currents close to critical current I c . We tried to fix the other parameters of detectors which could also have influence on quantum efficiency. These fixed parameters are the fabrication technology of structures, the planar topology of superconducting singlephoton detectors, the photon wavelength, and the detector operation temperature. The varying parameter are the thickness (h) of superconducting NbN film, the film surface resistance R s at Т = 300 K (R s300 ) and at a temperature close to the superconducting transition Т = 20 K (R s20 ), and also the superconducting transition temperature T C . The above characteristics for six solid NbN films are shown in Table 1 . The coefficient R s300 /R s20 also decreases with decreasing thickness and compound of superconducting films. It should be noted that the value of R s20 for all films, except for 1179, approximately corresponds to the maximum value of the resistance for the dependence R s (T). The resistance for the thinnest NbN film (1179) increases continuously with decreasing temperature below 20 K. In this case, the resistance R s20 for the film 1179 is almost one order of magnitude higher than the value of R s300 . Also, this film does not show the tendency toward decreasing resistance with decreasing temperature down to 1.6 K where the resistance grows by almost three orders of magnitude compared to the value at room temperature.
In order to explain the obtained dependencies of R s (T)
(figure 1), we found that the same conductivity behavior of the quasi-two-dimensional disordered metallic films was observed in other works [34] [35] [36] [37] . The authors explained the significant increase of the film resistance with decreasing temperature and the observed superconductor-insulator transition caused by the influence of quantum corrections to the conductivity. Taking account the quantum corrections to the conductivity (the Aslamazov-Larkin correction σ AL , the correction to the density of states σ DOS , the Maki-Thompson correction σ MT ; weak localization correction σ WL, the correction σ ID ) the total surface resistance of the film can be represented as follows [1, [38] [39] [40] [41] [42] [43] [44] 
where σ 0 is the surface conductivity of the film in accordance with the Drude theory of metal. The quantum corrections to the conductivity can be found as follows: 
Where ε = ln(T/T C ), T C is the superconducting transition temperature, β is the Larkin function [45] , and τ is the phase relaxation time. The value of τ and its temperature dependence were taken from the paper [46] :
The coefficient A WL+ID is the fitting parameter which determines mutual influence of σ WL and σ ID and defines the behaviour of the dependence R s (T) in the temperature range higher than Т C . The critical temperature was taken from the dependence R s (T) and defined the behaviour R s (T) in the temperature range near and below the superconducting transition. Also the parameter A was introduced in the Maki-Thompson correction σ MT (4) to take into account the fact that according [47, 48] β takes values smaller than the tabulated theoretical values shown in [45] near the critical temperature (T/T C < 2). So, we used several fitting parameters but which are independent and can be determined in the only possible way. The inset on the figure 1b shows the comparison of the experimental R s (T) dependence for the film 654 and the calculated dependence (2) obtained with the following parameters: Т C = 9.3 K, A WL+ID = 0.6, the film surface resistance 537 Ω/sq under the normal state resistivity at the temperature of T = 15 K, coefficient A = 0.3. Also we found that the quantum correction σ WL +σ ID (or the value of A WL+ID ) increases with decreasing film thickness by adjusting the parameters fitted to experimentally observed dependencies R s (T) for other investigated films. The absence of superconducting transition for the NbN film 1179 at the temperature down to 1.6 K is probably due to the superconducting transition at the lower temperature or the transition of NbN film into a dielectric state.
Measurement of the dependence QE(I b /I c ).
We fabricated three batches of SSPD detectors based on NbN films 654, 682, 803 and measured its quantum efficiency. The critical current density of detectors at T = 2.2 K varies within 1.5÷2×10 6 A/cm 2 except for several structures in each batch which have evident constrictions in NbN superconducting strip. Our more detailed research of batch uniformity in terms of resistance, critical current and quantum efficiency can be found elsewhere [49] . Films 1181 and 1180 had significantly low superconducting transition temperature and were not used to fabricate SSPD detectors. Film 1179 did not have a transition into a superconducting state.
It is natural to assume that each photon absorbed by a superconducting structure will give a voltage pulse if the quantum efficiency of a SSPD detector doesn't vary and reaches saturation level with increasing detector bias current. It means that the "internal" quantum efficiency of a detector is close to the unity, while the value of SQE measured during the experiment is determined by the detector absorption coefficient and optical coupling between the superconducting structure and the radiation.
It should be noted that the absorption coefficient for a given wavelength is determined by the thickness of Au/Si 3 N 4 layers which form an optical cavity located under the superconducting structure, the surface resistance of the film, and the meander filling factor. Therefore, the absorption coefficient for structures made of different films may differ slightly even for identical optical cavity. Figure 2a shows the measurement results of the system quantum efficiency vs. the normalized bias current I b /I c for three detectors (654/d1, 682/d1, 803/d1) taken from three different batches (654, 682, 803). They had similar values of the system quantum efficiency SQE~40% at bias currents close to I c . These detectors were made on substrate having only Au/Si 3 N 4 sub-layers optical cavity and didn't have an antireflection coating on top the detector. Figure 2b From the comparison of the results presented in figure 1  and figure 2 , it can be seen that the saturation of the quantum efficiency in the range of high currents is more clearly pronounced for detectors made from thinner NbN films characterized by lower values of R s300 /R s20 , a smaller value of the superconducting transition temperature. Since the quantum corrections to conductivity play an important role in the conductivity of thinner films, as shown above, it can be concluded that the tendency to saturation of the dependence QE(I b /I c ) can be explained by the disorder of superconducting films.
It is natural to assume that the increase in the degree of disorder for NbN films structure and NbN films surface resistance are associated with decreasing the electron diffusion constant D. And this assumption was confirmed experimentally. The measured values of the diffusivity were 0.63 cm 2 /s and 0.74 cm 2 /s for the samples 803/d1 and 654/d1, respectively. Using these values, we estimate the Ioffe-Regel parameter k F l=3Dm/ℏ of 1.6 and 1.9 for 7 nm (sample 803/d1) and 9 nm (sample 654/d1) thick NbN films, respectively, where m is the rest mass of the electron. These parameters k F l are in good agreement with the value found in [50] for strongly disordered film (1.3 for 10 nm thick NbN). The similar result were presented in [51] for WSi film with the diffusion coefficient of 0.75 cm 2 /s which gives k F l of 1.9. Additionally, the specific behaviour of R(T) for both samples in a magnetic field (figure 3 presents the graph only for 654/d1) is in good agreement with the typical dependencies for samples where the quantum corrections to the conductivity exhibit considerable influence [52] . Thus, R(T) curves not be parallel shifted in the direction of lower temperature with increasing of magnetic field induction which is typical for sufficiently thick superconducting films. However, R(T) curves demonstrate a significant increase of the width of the superconducting transition by shifting its low-temperature tail.
When the value of D decreases, the probability of the appearance of a voltage pulse on a superconducting structure after the absorption of a photon should increase for two reasons [53] : a) At the initial stage of hot spot formation the possibility of the thermalization of hot electrons by means of their diffusion is reduced. b) The time of the inelastic electron-electron interaction τ e-e decreases which leads to decreasing thermalization time of electrons due to their interaction and decreasing superconductor area over which the energy of the absorbed photon is distributed. Thus, it leads to greater influence on its superconducting properties and increases the probability of photon detection. The difference in the behaviour of dependencies of the quantum efficiency vs. normalized bias current is associated with a change in the structural ordering of initial superconducting NbN films and a change of their diffusivity.
As mentioned above, three batches of SSPD detectors based on NbN films (654, 682, 803) were fabricated. The detectors with only Au/Si 3 N 4 bilayer cavity were used for the comparison and have the values of the system quantum efficiency of ~40-50 %. At the same time, on top of the five detectors (7 nm thick film) were made additional antireflection coating consist Al 2 O 3 /Si/Al 2 O 3 layers which significantly increase the absorption coefficient of the structure. SQE for all five samples was in the range of 88-94%. The best value of SQE for detector 803/d2 was measured as high as 94±3% at the wavelength of 1310 nm for optimal polarization which is very close to recently reported SQE over 90% for 1310 nm and 1550 nm [54, 55] figure 4 ) confirm the fact that the probability of appearance of a voltage pulse in a SSPD after the absorption of photon is determined by many random and independent events such as, for example, the place where the photon was absorbed across the strip width.
The analysis of the Gaussian dependencies which describe the d(SQE)/d(I b /I c ) curves also shows that the mathematical expectation for these dependencies (the value of the current I b /I c corresponding to the maximum value of the derivative d(SQE)/d(I b /I c ) and the mean-square deviation for these dependencies which is 0.065, 0.07, 0.082, 0.140 for the samples 803/d2, 803/d1, 682/d1, 654/d1, respectively, can also be used to estimate the quality of the fabricated detectors. The ability to reach 100% of the internal quantum efficiency is increased for the detectors with smaller values of both mathematical expectation and mean-square deviation.
Conclusions
We have investigated the influence of the thickness of superconducting NbN film, as well as the dependent values of R s300 /R s20 on the tendency toward to saturation of SQE(I b /I c ) dependencies for superconducting single-photon detectors in the range of currents close to I c . We have shown that the decrease of R s300 /R s20 and the decrease of the electron diffusivity with decreasing NbN film thickness are associated with increasing influence of the quantum corrections to conductivity. The fabrication of SSPD detectors based on structurally disordered films allows to reach saturated dependence SQE(I b /I c ) in the range of currents > 0.8I b /I c . The system quantum efficiency for the bestinvestigated detector with ARC approaches ultimate value of 94±3% at wavelength of 1310 nm.
